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Transvenous electrode catheter countershock in patients
with recurrent ventricular tachyarrhythmias may be fol-
lowed by transient bradycardia and require temporary
pacing with a catheter. The serial changes in R wave
amplitude and stimulation threshold after catheter coun-
tershock in 11 halothane-anesthetized open chest dogs
ranging in weight from 11.8 to 24 kg were studied. Ven-
tricular fibrillation was electrically induced and followed
by catheter defibrlllation using nonsynchronized trape-
zoidal waveform (65% tilt) current discharge in incre-
mental doses (5 to 50 J). Significant decreases in bipolar
R wave amplitude (8.3 ± 1 versus 2 ± 0.2 mV, p <
0.001) and increases in stimulation threshold (1 ± 0.1
versus 2.3 ± 0.4 V, p < 0.001) were observed using the
countershock catheter 15 seconds after countershock;
these changes persisted for up to 10 minutes.
Recently (1) we reported the successful use of a tripolar
intravascular catheter to deliver countershock discharge to
terminate malignant ventricular tachyarrhythmias. An im-
portant feature of this catheter system is its potential to
provide ventricular demand pacing in the event of brady-
cardia immediately after countershock. However, the sta-
bility of pacing stimulation threshold and sensed electro-
graphic amplitude after countershock are not known. Because
such changes have important ramifications for the devel-
opment of implantable automated devices that combine
countershock and pacing functions, we examined the short-
term changes in ventricular electrogram amplitude and stim-
ulation threshold after single or multiple countershock at-
tempts in the dog and the pig.
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To determine whether these changes were localized
to the defibrillating catheter and whether they were spe-
cies-specific, a second electrode catheter was positioned
in the right ventricle distant from the countershock cath-
eter in five pigs. Increases in stimulation threshold were
observed only at the countershock catheter, suggesting
that changes were secondary to local changes at the cath-
eter-myocardium interface. No significant change in R
wave amplitude or stimulation threshold was observed
at the countershock catheter in three pigs given trans-
thoracic shocks (60 to 250 J).
It is concluded that current discharge through the
countershock catheter results in a significant temporary
reduction in R wave amplitude and an increase in pacing
threshold. This may make pacing through the counter-
shock catheter unreliable after shock delivery.
Methods
Catheter (Fig. 1)
The countershock catheter is a 10 F, 125 em long, poly-
urethane lead containing two pair of electrodes, 125 mm?
each. When properly positioned, the catheter tip rests in the
right ventricular apex. The distal pair of electrodes (A and
B) are located at the tip and are separated by a distance of
5 mm, with the proximal pair (C and D) located at the right
atrium-superior vena cava junction. For catheter counter-
shock, the ventricular electrode pair (A and B) are common
and serve as the cathode; the atrial electrode pair (C and D)
constitute the anode. When bipolar ventricular pacing is
required, the ventricular electrodes are separate; the most
distal electrode (A) is the cathode and the other electrode
(B) is the anode.
Dogs
Experimental preparation. In the first series of exper-
iments, 14 mongrel dogs with weights ranging from 1I.8
to 24 kg were anesthetized with pentobarbital, 8 mg/kg
intravenously, and maintained on halothane inhalant (0,5 to
1,5%) with complete ventilatory support provided by a Har-
vard 613 respirator. In 13 of these dogs, the heart was
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Figure 1. Diagram of the countershock catheter. The distal ven-
tricular electrode (A) is connected to pin 1 and the proximal ven-
tricular electrode (B) is connected to pin 2. Electrodes A and B
are separated by a distance of 5 mm. The proximal electrodes (C
andD), which arealsoseparated by a distance of 5 mm,are located
100 mm from the distal pair and are both connected to pin 3.
exposed through a right thoracotomy and supported in a
pericardial sling. A quadripolar patch electrode was sutured
to the epicardium at the right ventricular outflow tract, dis-
tant from the position of the countershock catheter. The
right external jugular vein was exposed ventrally through a
longitudinal cervical incision, and the countershock catheter
(Medtronic 6880) was introduced through the venotomy and
advanced to the right ventricular apex. The position of the
catheter was stabilized by suturing it to the right ventricular
free wall. Care was taken to ensure that the atrial pair of
electrodes rested above the right atrial-superior vena cava
junction and then a ligature was applied around the jugular
vein to secure the catheter. The catheter was tunneled under
the skin to the back of the neck, and the proximal end was
exteriorized through a stab wound. The patch electrode wires
were also tunneled and exteriorized through the same stab
wound and firmly tied to the skin. Cervical and thoracotomy
incisions were then closed in layers. A 1 hour period of
stabilization preceded any interventions. In one dog, a closed
chest preparation was used. Only the countershock catheter
was inserted, and positioning was accomplished under flou-
roscopic guidance.
The quadripolar patch electrode was connected through
a PSIU-6 photostimulus isolation unit to a Grass S88 stim-
ulator. The timing of electrical impulses was generated using
a custom-made timer (L. Van Cleef, The University of
Western Ontario). Ventricular fibrillation was induced by a
stimulation protocol consisting of a paced drive for eight
beats (350 ms), followed by two premature extrastimuli (S2
= 250 ms, 53 = 450 ms) and a 200 to 400 ms train of 2
ms individual pulses at 100 Hz timed to span the T wave
occurring after the S3 beat. The initial train duration was
200 ms, which was incrementally increased by 100 ms until
sustained ventricular fibrillation (> 10 seconds) was induced,
The countershock catheter was interfaced to the defi-
brillation unit (TED2, Medtronic, Inc.) which delivers non-
synchronized shocks of trapezoidal waveform and 65% tilt
from 5 to 50 J of stored energy, Testing demonstrated that
delivered energy through a standard resistance of liOn
was within 10% of stored energy. The relay contact output
of the unit was connected in parallel to a Medtronic 5309
pacing analyzer and a Honeywell VRl6 recorder for display
of intracardiac electrograms. The monitor outputs of the
defibrillator were interfaced to a Tektronics 5113 oscillo-
scope to record discharge voltage and current from the unit.
The pacing analyzer was programmed to deliver impulses
of 0.5 ms pulse duration, and output was varied from 0.1
to 15 V to determine pacing threshold. Limb leads I and II
and distal, proximal and bipolar electrograms from the coun-
tershock catheter's ventricular electrodes were recorded
continuously on an Ampex 16 channel tape recorder at 1 7;'8
inches/s (4.76 cm/s) and could be displayed on an Elec-
tronics for Medicine VR16 paper recorder at a paper speed
of 10 mm/s.
Protocol. In the 13 open chest preparations, ventricular
fibrillation was induced through the quadripolar patch elec-
trode using the stimulation protocol described. In the re-
maining single closed chest preparation, ventricular fibril-
lation was induced through the countershock catheter. Ten
seconds after induction, defibrillating shocks at incremental
energy levels were delivered (5, 10, 15, 20, 25, 35 or
50 J) until termination of ventricular fibrillation was accom-
plished. Failure at maximal energy levels resulted in use of
paddle countershock at 250 to 320 J to restore sinus rhythm.
Fibrillation and defibrillation were repeated three times at
15 minute intervals. Pacing threshold was measured at the
distal electrode pair before fibrillation and at 0.25, 0.50, 1,
2, 5 and 10 minutes after defibrillation.
Pigs
Experimental preparation. Because we observed in-
creases in pacing threshold and decreases in R wave am-
plitude at the countershock catheter, additional experiments
were performed to determine if these changes were species-
specific, if they were a generalized or localized effect of
catheter countershock and if they were related to prior in-
duction of ventricular fibrillation. Eleven pigs weighing 18
to 20 kg were anesthetized using ketamine hydrochloride
(Ketaset), 22 mg/kg, and diazepam (Valium), 10 to 20 mg,
and maintained using Halothane, 0.5 to 1.5%, with full
ventilatory support. As in the dog, the right external jugular
vein was exposed and the countershock catheter was intro-
duced and advanced under fluoroscopic guidance until the
catheter tip was positioned at the right ventricular apex. In
five pigs, a 6F bipolar electrode catheter was also inserted
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through the same jugular vein and positioned in the right
ventricle at a site distant from the countershock catheter.
Distance between catheters and stability of position were
confirmed after each countershock by fluoroscopy (Fig. 2).
In the first three pigs, a femoral artery line was inserted and
connected to a Bentley transducer to continuously monitor
blood pressure. When it was shown that important changes
in blood pressure did not occur immediately after counter-
shock, a Millar pressure transducer was introduced through
the right carotid artery and positioned in the left ventricular
cavity to monitor left ventricular pressure and the first de-
rivative of systolic pressure (dP/dt) in the remaining pigs.
Protocol. Countershock discharges were delivered with
pigs in sinus rhythm at low (5 J) and high (20 or 35 J)
energy settings. Delivery of shocks during sinus rhythm
allowed control of the number of shocks and the energy
dose of each shock. Countershock at each energy level was
repeated three times at 10 minute intervals. The order of
shocks was 5, 20 and 35 J in five pigs, 20, 35 and 5 J in
two pigs; and 35, 5 and 20 J in two pigs. In three additional
pigs, transthoracic countershock, at 60 to 250 J stored en-
ergy using a defibrillation unit delivering current of damped
sinusoidal waveform (Physic-Control), was administered to
determine if changes in pacing threshold were unique to
catheter shock or could occur with conventional shocks.
Paddles were 8 em in diameter with one placed at the apex;
the second paddle was positioned over the right lateral chest.
Right ventricular pacing threshold from the countershock
Figure 2. Chest X-ray film of a pig (dorsal view) with catheters
in situ. The left arrow indicates the position of the countershock
catheterat the right ventricular apex. The middle arrow indicates
the position of the alternate pacing catheter. A Millar probe lies
within the left ventricular cavity for pressure recording (right
arrow).
catheter and the second bipolar catheter were determined
before and immediately after each shock and at 5 and 10
minutes after shock.
Limb leads I and II, distal and proximal electrograms
from the countershock catheter's ventricular electrodes and
the 6F bipolar electrode catheter, blood pressure, left ven-
tricular pressure and dP/dt were recorded simultaneously on
an Electronics for Medicine recorder at 10 mm/s and on an
Ampex PR2230 tape recorder at 4.76 cm/s.
Statistical Analysis
Peak to peak bipolar and unipolar R wave amplitude
values at each time interval were derived from the average
10 consecutive sinus beats, Yalues for stimulation threshold,
and unipolar and bipolar R wave amplitude were analyzed
using the repeated measures analysis of variance. The per-
cent change in each of the measured variables at low and
high energy doses were compared using the Wilcoxon rank
sum test. Data reported are expressed as the mean ± stan-
dard error of the mean and probability values of 0.05 or
less were considered significant.
Results
Responseto cathetercountershock. Marked decreases
in bipolar R wave amplitude (8.1 ± 0.9 versus 2.1 ± 0.3
mY, p < 0.001), unipolar R wave amplitude recorded from
the distal ventricular electrode (12.4 ± 1.5 versus 6.2 ±
0.8 mY, p < 0.001) and proximal ventricular electrode
(12.6 ± 1.6 versus 5.5 ± 0.8 mY, p < 0.001) and increases
in stimulation threshold (1 ± 0.1 versus 2.4 ± 0.4 Y,
P < 0.001) over control values were observed in the dog
immediately after catheter countershock (Fig. 3). There was
a return of R wave amplitude and pacing threshold toward
control values, but at 10 minutes the bipolar R wave am-
plitude (8.1 ± 0.9 versus 4.6 ± 0.9, P < 0.001), unipolar
R wave amplitude from the distal (12.4 ± 1.5 versus 8. I
± 0.9 mY, p < 0.001) and proximal (12.6 ± 1.6 versus
9.5 ± I mY, p < 0.01) ventricular electrodes and pacing
threshold (1 ± 0.1 versus 1.5 ± 0.2, p < 0.02) were still
significantly different from preshock values.
The magnitude of change was analyzed with r spect to
the successful defibrillating energy dose and the cumulative
energy dose delivered before termination of fibrillation (Fig.
4). Dogs requiring less than 2 J/kg body weight to suc-
cessfully terminate ventricular fibrillation had a smaller de-
crease in bipolar R wave (-76.3 ± 4 versus - 68.3 ±
25.7%) (Fig. 4A) and a smaller increase in pacing threshold
(+87.4 ± 53.6 versus 133.1 ± 71.8%), but these differ-
ences failed to reach statistical significance. Similarly. there
was a trend toward a greater increase in pacing threshold
(97.1 ± 8.9 versus 143.4 ± 71.3%) (Fig. 4B) in dogs
receiving a larger cumulative energy dose (> 10J/kg) before
termination of ventricular fibrillation.
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Figure 3. R wave amplitude (top panel) and pacing threshold
(bottom panel) in 14 dogs before fibrillation and after defibril-
lation. Asterisk denotes that all values between 0.25 and 10 min-
utes were significantly different from prefibrillation values (C).
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UIn the second series of experiments using pigs, a similar
immediate decrease in bipolar R wave (5 ± 0.8 versus 2.6
± 0.5 mY, p < 0.001) and an increase in pacing threshold
(1.3 ± 0.2 versus 2.9 ± 0.3 Y, P < 0.001) were observed.
The immediate mean change in bipolar R wave amplitude
after the first delivered shock was -43.1 ± 10.9%, - 30.5
± 10.1% after the second and - 35.2 ± 9.1% after the
third shock. The differences among the three values were
not significant. Pacing threshold increased by 210.5 ± 92%
over the immediate preshock value after the first shock and
much less after the second (99 ± 15.5%) and third (l08
± 19.6%) shocks, but these differences were not significant.
Pacing from a remote site. Pacing thresholds after cath-
eter shock using the same distal pair of electrodes serving
as the cathode for shocks were then compared with pacing
thresholds obtained from an alternate electrode catheter lo-
cated at a site remote from the countershock catheter (Fig.
5). After low energy shocks (5 J, Fig. 5A), bipolar R wave
amplitude recorded by the countershock catheter decreased
from 4.8 ± 0.7 to 3.4 ± 0.5 mY (p < 0.05) and pacing
threshold increased from 1.2 ± 0.2 to 3.5 ± 0.3 Y
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the alternate catheter. This difference in response between
the two catheters was significant (p < 0.05). With higher
energy shock (20 or 35 J, Fig. 5B), the discrepancy in the
response of the pacing threshold was more evident and more
significant (p < 0.(01).
Catheter versus transthoracic countershock. To de-
termine whether the responses observed after catheter coun-
tershock were specific for the catheter , we monitored the R
wave amplitude and pacing threshold after transthoracic
countershock (Fig. 6). Bipolar R wave amplitude decreased
slightly immediately after transthoracic shocks (7 ± 0.5 to
5.9 ± 1 mV) and returned to control values quickly, but
decreased markedly after catheter countershock from an av-
erage of 5 ± 0.8 to 2.6 ± 0.5 mV. This difference was
significant (p < 0.(01). Similarly , pacing threshold after
transthoracic shocks did not change (0.8 ± 0.1 to 0.9 ±
0.2 V) but increased from 1.3 ± 0.2 to 2.9 ± 0.3 V using
the same distal electrode pair that constituted the cathode
during catheter countershock (p < 0.001).
When the effect of catheter countershock on the R wave
and pacing threshold recorded from the alternate catheter
was compared with the effect on the countershock catheter
after transthoracic countershock, the responses were similar
(Fig. 6). In other words, whenever catheter electrodes were
used only for pacing and were not actively involved in the
delivery of countershock, neither R wave amplitude nor
pacing threshold changed.
Hemodynamic consequences of catheter counter-
shock. The diastolic blood pressure and the peak dPtdt were
measured as indexes of left ventricular function. No sig-
nificant change in left ventricular end-diastolic pressure was
observed in six pigs immediately after shock was delivered
(16 ± 3.6 versus 15.8 ± 3.8 , P == NS). A slight increase
in peak dPtdt was noted immediately after shock delivery
(495 ::t 39 versus 540 ± 62, P == NS), with a rapid decline
to normal within 2 minutes.
Adverse effects. Of the 14 dogs, 2 developed electro-
mechanical dissociation immediately after shock and died.
A third dog manifested asytole after shock and ventricular
pacing failed to establish effective cardiac output; this dog
also died . Pathologic examination of these animals showed
only pallor in the ventricular endocardium adjacent to the
catheter electrode without rupture of the myocardium. Non-
sustained « 10 beats) ventricular tachycardia was observed
Figure 5. The effect of 5 J countershock (A) and 20 or 35 J
countershock (B) on bipolar R wave amplitude (top panel) and
pacing threshold (bottom panel) as recorded from the counter-
shock catheter (closed circles) and the alternate pacing catheter at
a remote right ventricular site (open circles) in five pigs. Asterisks
in each panel indicate that all mean values recorded from the
countershock catheter after shock delivery were significantly dif-
ferent from preshock values (C). Crosses indicate that the pattern
of change recorded from the alternate catheter was significantly
different from that recorded by the countershock catheter (see text).
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Effects of catheter countershock. Loss of pacemaker
sensing and capture have been observed occasionally when
transthoracic shock was delivered in dogs (5) and human
subjects (6) in whom a permanent pacemaker lead had been
implanted. Pacemaker generator dysfunction secondary to
countershock was not responsible, and the changes were
attributed to endocardial bum injury at the electrode-myo-
cardium interface as the result of conduction and concen-
tration of current by the lead. This was supported by patho-
logic evidence showing focal endocardial fibrosis. In this
study, we demonstrated a significant increase in pacing
threshold and a decrease in sensed bipolar and unipolar R
wave amplitude after shock as recorded from the distal ven-
tricular electrode pair. These changes were still evident up
to 10 minutes after shock, were greater with increased coun-
tershock energy dose but were similar after repeated shocks.
The changes were not species-specific or related to the in-
duction of ventricular fibrillation before shocks because pigs
manifested similar alterations after shocks delivered during
sinus rhythm. Rubin et al. (7,8) noted similar changes after
countershock using a different catheter with a much smaller
electrode surface area (1.2 crrr').
Catheter versus transthoracic countershock. Trans-
thoracic countershock did not cause any changes in pacing
threshold or R wave amplitude when the bipolar pacing
electrodes did not participate in the delivery of shocks.
Similarly, when shocks were delivered through the catheter,
no changes in sensing or pacing threshold occurred at a
second pacing catheter in the right ventricle. These obser-
vations indicate that the alterations in R wave amplitude
and pacing threshold are directly related to use of the same
catheter electrodes for pacing and R wave sensing that were
used to deliver shocks and are due to local changes at the
catheter-myocardial interface.
Possihle mechanisms for adverse effects. The passage
of current through an electrode in contact with any fluid or
tissue can result in electrode polarization at the interface
(9). The magnitude of this effect is dependent on the material
from which the electrode is constructed and current density.
The development of electrode polarization generates an
impedance that may interfere with recording electrical po-
tentials (such as the ventricular electrogram) and the passage
of current to effect pacing capture. In addition, current passed
through a solution may result in gas bubble formation and
cause a similar disturbance if separation of electrode from
myocardium occurs. Electrical injury at the interface be-
tween the catheter electrodes and adjacent myocardium is
likely the most important factor. Pathologic evidence (10, II),
changes seen in vectorcardiograms (II) in previous studies
and ST segment shifts noted in the ventricular electrograms
of some dogs (8) support this hypothesis. Because the great-
est change was observed immediately after shock with grad-
ual but incomplete recovery, it has to be concluded that
much of the electrical injury is reversible. More generalized
~ 2[J1~~--------·1--1
Cl' !--t t-t
.§ 0 1 I I I
If. 0·25 5 10
in two dogs for several minutes after defibrillation. ST seg-
ment depression was observed in four dogs, while ST seg-
ment elevation occurred in two dogs.
All pigs tolerated the repeated shocks well. On only one
occasion, a shock was inadvertently delivered on the peak
of the T wave, resulting in ventricular fibrillation that re-
sponded to catheter defibrillation. None of the dogs or pigs
developed atrioventricular or intraventricular block.
Discussion
Utility of catheter countershock. Transvenous coun-
tershock with the electrode catheter has been shown to be
effective and safe for termination of both ventricular and
supraventricular tachyarrhythmias (1-4). The catheter has
two pairs of electrodes along its length, one pair at the apex
of the right ventricle and the other pair near the superior
vena cava-right atrial junction. During countershock, energy
is discharged between the distal (cathode) and proximal
(anode) electrode pair. In the event of significant brady-
cardia immediately after shock, the two electrodes consti-
tuting the cathode during shock can theoretically serve as
bipolar pacing electrodes. This function depends on the
maintenance of pacing and sensing threshold in the distal
electrode pair that participated in the delivery of shocks.
I I
0·5 2
TIME (min)
Figure 6. Effects of transthoracic shock on bipolar R wave am-
plitude(top panel) and pacingthreshold (bottom panel) recorded
from countershock catheterelectrodes (open triangles) compared
with the effect of transvenous countershock on the same variable
recorded from the alternate catheter (closed triangles). In both
situations, the measurements were made from electrodes not par-
ticipating in shock delivery. Pacing threshold in both situations
did not change significantly, but bipolar R wave amplitude de-
creased significantly at 0.25 minute after transthoracic shocks.
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effects evoked by catheter shock, such as alterations in
electrolyte balance and autonomic tone (12), are unlikely
to be a significant factor in the generation of these changes.
The alterations in sensed intracavitary ventricular elec-
trogram amplitudes were not associated with gross changes
in QRS configuration, although it is possible that subtle
alterations in the pattern of ventricular activation may have
occurred. Factors that influence surface lead electrograms,
such as position of the heart within the thorax, the sequence
of ventricular activation and metabolic factors, are unlikely
to have influenced the intracavitary electrograms. However,
ventricular volume (13,14) and ventricular wall thickness
(15) which alter surface lead electrograms also have been
found to influence endocardial and epicardial potentials (16).
The similar time course of changes in pacing threshold and
electrogram amplitude suggest that they share a common
cause. These factors require further investigation.
Hemodynamic consequences of catheter counter-
shock. Finally, catheter countershock produced small but
insignificant fluctuations in the first derivative of systolic
pressure (dP/dt), diastolic blood pressure and left ventricular
end-diastolic pressure. These findings are similar to those
occurring after transthoracic shock (17) and direct cardiac
countershock (18,19), where it has been shown that only
mild changes in left ventricular systolic and diastolic func-
tion occur in the normal heart, even when high energy doses
are used (18,19).
Conclusions. We have demonstrated that transvenous
countershock using an electrode catheter produces a signif-
icant increase in pacing threshold and a concomitant de-
crease in unipolar and bipolar R wave amplitude. These
changes are specific for this method of countershock and
are related to local changes at the electrode-myocardium
interface. Hemodynamic consequences of catheter counter-
shock on left ventricular function are minimal. The coun-
tershock-induced alterations have important implications for
the incorporation of this electrode into an implantable sys-
tem that combines countershock and pacing capability.
We thank Instructional Resources of University Hospital for illustrations
and Suzanne Stewart for preparing the manuscript.
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